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Chikungunya virus (CHIKV) is a mosquito-transmitted virus that has reemerged as a significant public health threat in the last
decade. Since the 2005-2006 chikungunya fever epidemic in the Indian Ocean island of La Réunion, millions of people in more
than 40 countries have been infected. Despite this, there is currently no antiviral treatment for chikungunya infection. In this
study, an immunofluorescence-based screening platform was developed to identify potential inhibitors of CHIKV infection. A
primary screen was performed using a highly purified natural product compound library, and 44 compounds exhibiting >70%
inhibition of CHIKV infection were identified as positive hits. Among these, four were selected for dose-dependent inhibition
assays to confirm their anti-CHIKV activity. Harringtonine, a cephalotaxine alkaloid, displayed potent inhibition of CHIKV in-
fection (50% effective concentration [EC50] � 0.24 �M) with minimal cytotoxicity and was selected for elucidation of its antivi-
ral mechanism. Time-of-addition studies, cotreatment assays, and direct transfection of viral genomic RNA indicated that har-
ringtonine inhibited an early stage of the CHIKV replication cycle which occurred after viral entry into cells. In addition,
quantitative reverse transcription-PCR (qRT-PCR) and Western blot analyses indicated that harringtonine affects CHIKV RNA
production as well as viral protein expression. Treatment of harringtonine against Sindbis virus, a related alphavirus, suggested
that harringtonine could inhibit other alphaviruses. This study suggests for the first time that harringtonine exerts its antiviral
effects by inhibiting CHIKV viral protein synthesis.

Chikungunya virus (CHIKV) is an arbovirus that causes chi-
kungunya fever, a disease characterized by myalgia, polyar-

thralgia, fever, nausea, and headaches (1, 2). CHIKV belongs to
the Alphavirus genus in the Togaviridae family and was first iso-
lated in Tanzania in 1952, where it was transmitted primarily by
Aedes aegypti mosquitoes (3).

In 2005, the resurgence of CHIKV in several islands in the
Indian Ocean caused outbreaks of unprecedented magnitude. In
the French island of La Réunion alone, one-third of its 785,000
inhabitants were infected with CHIKV, resulting in more than 250
fatalities (4, 5). Apart from the newfound pathogenicity, the La
Réunion epidemic was also associated with complex clinico-path-
ological complications, including encephalopathy, lymphopenia,
and hemorrhagic fever (6, 7). In addition, a mutation of alanine to
valine (Ala226Val) was detected in the E1 envelope glycoprotein
of the chikungunya viral particle, resulting in a new CHIKV strain
that became more prevalent as the epidemic progressed. This mu-
tation is believed to have resulted in a change in the primary trans-
mission vector from Aedes aegypti to Aedes albopictus (8). The
efficiency with which Aedes albopictus transmits CHIKV across
varied geographical regions has led to researchers postulating the
possibility of CHIKV being established almost globally (9). To
date, CHIKV has infected millions of people in more than 40
countries, including India, Malaysia, Indonesia, Thailand, Singa-
pore, the United States, and European countries (1, 10–13).

Despite the significant public health threat that CHIKV con-
tinues to pose, there is currently no antiviral treatment or vaccine
against CHIKV infection. Previous studies have reported anti-
CHIKV activities for some compounds in vitro. These include
chloroquine (14, 15), furin inhibitors (16), arbidol (17, 18), my-
cophenolic acid (19), and a combination of ribavirin and alpha
interferon (20). Of these, only chloroquine has been tested in vivo.

Clinical trials conducted during the La Réunion outbreak found
chloroquine to be ineffective as a CHIKV antiviral (21). At pres-
ent, none of these compounds have been approved for antiviral
treatment of CHIKV infection. For these reasons, there is an ur-
gent need for the discovery of novel antivirals for CHIKV infec-
tion.

The CHIKV replication cycle offers a good starting point for
identification of potential targets during the development of an-
tiviral compounds. CHIKV is an enveloped virus with a single-
stranded, positive-sense RNA genome. The CHIKV genome is
approximately 11 kb long and consists of two open reading frames
which encode the viral nonstructural proteins (nsP1, nsP2, nsP3,
and nsP4) as well as the viral structural proteins, which include the
capsid (C) and envelope proteins (E1, E2, E3, and 6k) (22, 23). The
envelope proteins E1 and E2 form glycoprotein spikes on the viral
particle surface and facilitate the initial binding of the viral particle
to susceptible host cells. This is followed by entry of the CHIKV
particle via clathrin-dependent endocytosis and uncoating of the
viral genome (24, 25). Translation of viral RNA then produces the
viral nonstructural protein complex, which replicates the CHIKV
RNA genome (26). This is followed by translation of viral struc-
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tural proteins and assembly of viral components within the cyto-
plasm (16, 27). Viral particles bud out through the plasma mem-
brane, forming mature, infectious progeny (28, 29).

In this study, an immunofluorescence cell-based assay was de-
veloped to perform a screen for small-molecule inhibitors of
CHIKV replication. The primary screen was performed on a li-
brary of 502 highly purified compounds with defined chemical
structures which were derived from natural products. A number
of hits from the primary screen were selected for dose-dependent
inhibition studies to confirm their anti-CHIKV activity. From the
results of the secondary assays, harringtonine was selected for fur-
ther analysis due to its potent inhibition of CHIKV infection and
novelty as an antiviral. Harringtonine is a cephalotaxine ester de-
rived from the Japanese plum yew, Cephalotaxus harringtonia.
Harringtonine is known to inhibit the first cycle of the elongation
phase of eukaryotic translation (30). In this study, we took several
approaches to investigate the possible mechanisms of anti-
CHIKV activity of harringtonine. The results indicated that har-
ringtonine acts on the postentry stage of the CHIKV replication
cycle and strongly interferes with the process of viral protein syn-
thesis.

MATERIALS AND METHODS
Cell lines and virus. In this study, three cell lines were used, namely,
BHK21 (baby hamster kidney) cells, C6/36 mosquito cells isolated from
Aedes albopictus embryonic tissue, and human skeletal muscle myoblasts
(HSMM) (Lonza, Walkersville, MD). BHK21 cells were cultured in RPMI
1640 medium containing 10% inactivated fetal calf serum (FCS) at 37°C
with 5% CO2. C6/36 cells were maintained in L-15 medium containing
10% FCS at 28°C. HSMM cells were cultured in skeletal muscle cell
growth medium (SkGM) (Lonza) supplied with growth factors and 10%
FCS (Lonza) at 37°C with 5% CO2. This study used two strains of CHIKV,
CHIKV-0708 (Singapore/07/2008, kindly provided by the National Pub-
lic Health Laboratory, Ministry of Health, Singapore) and CHIKV-
122508 (SGEHICHD 122508, kindly provided by the Environmental
Health Institute, Singapore). CHIKV-0708 (which lacks the A226V mu-
tation in the E1 protein) and CHIKV-122508 (which contains the A226V
mutation in the E1 protein) were propagated in BHK21 cells and C6/36
cells, respectively. Sindbis virus was propagated in BHK21 cells.

Natural product library. The primary screening of antiviral activity
against CHIKV infection was performed using 502 highly purified
compounds from a natural product library (BioMol, Plymouth Meet-
ing, PA). All compounds in the library are of low molecular weight, are
highly purified, and have known chemical structures. The library does
not contain any extracts or mixtures. The library contains compounds
from microbial, plant, and marine sources, including a range of terpe-
noids, peptolides, coumarins, alkaloids, flavones, and isoflavones. The
complete list of compounds is available upon request at
compoundlibraries@enzolifesciences.com. The library compounds
were dissolved in 100% dimethyl sulfoxide (DMSO), giving a stock
concentration of 10 mM.

Primary screening. BHK21 cells were seeded at a density of 3.5 � 103

cells per well in 384-well plates (Corning, Corning, NY) and incubated
overnight at 37°C with 5% CO2. The cells were infected with CHIKV-0708
at a multiplicity of infection (MOI) of 1 for 1.5 h with gentle rocking every
15 min. After the 1.5 h viral adsorption period, cells were washed twice
with phosphate-buffered saline (PBS) to remove unbound viruses before
addition of the library compounds. The compounds were diluted from
the 10 mM stock to a final concentration of 10 �M prior to being incu-
bated with the cells. CHIKV-infected cells were treated with 0.1% DMSO
or 0.5 �g/ml (2.05 �M) of ribavirin for the negative and positive controls,
respectively. CHIKV-infected cells were incubated for 24 h with the nat-
ural product compounds prior to being processed for immunofluores-

cence assay. Cell monolayers were fixed with 100 �l of cold absolute meth-
anol (Sinopharm Chemical, Shanghai, China) at �20°C for 15 min before
being rehydrated with 100 �l PBS. Fixed cell monolayers were incubated
with 40 �l monoclonal mouse antialphavirus antibody (Santa Cruz, Santa
Cruz, CA) diluted to 1:250 for 1 h at 37°C. Cells were then washed three
times with PBS using the automated Embla 384 cell washer station (Mo-
lecular Devices, Sunnyvale, CA) before being incubated for another 1 h at
37°C with 40 �l of the secondary antibody, fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG (Chemicon, Temecula, CA), di-
luted to 1:500. The cell nuclei were stained using DAPI (4=,6-diamidino-
2-phenylindole) (Invitrogen, Carlsbad, CA) for 15 min at room temper-
ature before the cells were washed in PBS again. For background controls,
cells were stained with only the secondary FITC-conjugated antibody and
DAPI.

Data acquisition. The images for the immunofluorescence assay were
obtained using an Olympus IX81 inverted fluorescence microscope
(Olympus, Japan) under a magnification of �20. Images were acquired
for both the DAPI and FITC channels. The total number of cells per well
was determined by counting the DAPI-stained nuclei, and the total num-
ber of CHIKV-infected cells was determined by counting the FITC-
stained cytoplasm. Counting of cells was done using the CellProfiler soft-
ware (www.cellprofiler.org). The average number of cells per well was
calculated and compared against the mock-infected cells in 0.1% DMSO
and against the CHIKV-infected cells in 0.1% DMSO. Wells that had
fewer than 500 cells were excluded in the data analysis. Positive hits from
the primary screen were defined as compounds displaying 70% or more
inhibition of CHIKV replication relative to 0.1% DMSO-treated,
CHIKV-infected controls. A number of hit compounds were then selected
for secondary assays to validate their anti-CHIKV activity.

The robustness of our screening assay was determined using the Z=
factor, a statistical measurement of the distance between the standard
deviation of the signal versus the noise of the assay (31). Experiments to
determine the Z= factor were conducted in 384-well plates using BHK21
cells infected with CHIKV-0708 at an MOI of 1. One hundred wells of
CHIKV-0708-infected BHK21 cells were treated with 0.1% DMSO, and
another 100 wells were incubated with 0.5 �g/ml (2.05 �M) ribavirin for
24 h at 37°C with 5% CO2. The experiment was carried out in triplicates.
The cells were then processed for immunofluorescence assay under the
same conditions as described above. The Z= factor was computed using
the equation 1 � [(3 � SDDMSO � 3 � SDribavirin)/(mean DMSO � mean-

ribavirin)], where SD is standard deviation, DMSO represents CHIKV-in-
fected cells treated with 0.1% DMSO, and ribavirin represents CHIKV-
infected cells treated with 0.5 �g/ml (2.05 �M) ribavirin.

Validation of primary screen hits. Hits from the primary screen were
validated using dose-dependent drug-treatments on BHK21 cells. BHK21
cells were seeded into 96-well plates at a density of 1.2 � 104 cells per well
and incubated overnight at 37°C with 5% CO2. Cell monolayers were then
infected with CHIKV-0708 at an MOI of 1 for 1.5 h (viral adsorption).
Cells were washed twice with PBS and incubated with the selected com-
pounds over a range of concentrations (0.01 �M, 0.1 �M, 1 �M, 5 �M,
and 10 �M) for 24 h at 37°C with 5% CO2. After the incubation period,
cell culture supernatants were harvested for the quantification of infec-
tious virus titer via plaque assays.

The anti-CHIKV effect of harringtonine was further validated by re-
peating the dose-dependent treatment on BHK21 cells infected with
CHIKV-122508. Dose-dependent inhibitory studies were also carried out
with homoharringtonine (Enzo Life Sciences, Farmingdale, NY), an ana-
logue of harringtonine, on BHK21 cells infected with CHIKV-0708 or
CHIKV-122508. In addition, dose-dependent treatments for harringto-
nine were carried out on HSMM infected with CHIKV-0708 or CHIKV-
122508. All validation experiments for harringtonine and homohar-
ringtonine were carried out in a 96-well format, and cell supernatants
were harvested for plaque assays at the end of the 24-h incubation period.

For harringtonine treatment studies with Sindbis virus, BHK21 cells
were seeded into 96-well plates and infected with Sindbis virus at an MOI
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of 1 for 1 h prior to being washed twice with PBS and incubated with
various concentrations of harringtonine (0.1 �M, 1 �M, 5 �M, and 10
�M) at 37°C with 5% CO2. Cell supernatants were harvested for plaque
assays at 24 h postinfection (hpi).

Plaque assay. For quantification of virus titer, BHK21 cells were plated
onto 24-well plates and incubated overnight at 37°C with 5% CO2. The
supernatants from virus-infected samples were diluted in 10-fold dilu-
tions with RPMI supplemented with 2% FCS before being used to infect
the cells for 1.5 h at 37°C with gentle rocking during the adsorption pe-
riod. Infected cells were washed twice with PBS and overlaid with 1%
carboxymethyl cellulose (CMC) in RPMI with 2% FCS. Cell monolayers
were incubated for 3 days at 37°C with 5% CO2. CMC was then removed,
and cells were stained and fixed with 10% paraformaldehyde–1% crystal
violet (Sigma-Aldrich Chemical, St. Louis, MO) solution for visualization
and counting of plaques. Virus titers were expressed as PFU per milliliter.

Cell viability assay. The cell viability profiles of selected drugs were
assessed by alamarBlue cytotoxicity assay (Invitrogen) as recommended
by the manufacturer’s protocol. The cell viability assay was carried out in
similarly to the assay for validation of primary screening hits, except that
cells were not infected prior to drug treatment. In brief, BHK21 or HSMM
cells were incubated with selected compounds at a concentration range of
0.01 �M to 10 �M in RPMI with 2% FCS for 24 h (unless otherwise stated)
at 37°C with 5% CO2. Cell monolayers were then incubated with alamar-
Blue reagent for 2 h (BHK21) or 4 h (HSMM) prior to fluorescence de-
tection at an excitation wavelength of 570 nm and an emission wavelength
of 585 nm. Fluorescence was measured with Infinite 200 Pro multiplate
reader (Tecan, Männedorf, Switzerland). All cell viability assays were con-
ducted in triplicates. Measurements from compound-treated or 0.1%
DMSO-treated cells were normalized against those from untreated cells.

Time-of-addition studies. Time-of-addition studies were performed
for harringtonine (Biomol) on CHIKV-0708-infected BHK21 cells in 96-
well plates. For the pretreatment assay, cell monolayers were treated with
0.1 �M, 1 �M, or 5 �M harringtonine for 2 h at 37°C prior to being
washed twice PBS and infected with CHIKV-0708 at an MOI of 1. After
the 1.5-h virus adsorption period, infected cells were incubated in RPMI
with 2% FCS at 37°C with 5% CO2 for 24 h before supernatants were
harvested for plaque assay.

For the posttreatment assays, BHK21 cells were infected with CHIKV-
0708 at an MOI of 1 for 1.5 h (viral adsorption), and harringtonine (0.1
�M, 1 �M, or 5 �M) was added at five different time points postinfection
(0 h, 2 h, 6 h, 12 h, and 16 h). For time-of-addition studies, CHIKV-
infected cells treated with 0.1% DMSO were used as positive controls.

For the cotreatment assay, CHIKV-122508 or CHIKV-0708 was
treated with harringtonine (1 �M or 10 �M) or 0.1% DMSO for 30 min at
37°C. In order to remove excess harringtonine or DMSO solutions, vi-
ruses were subjected to centrifugal filtration in 100,000-molecular-weight
centrifugal filter units (Millipore, Darmstadt, Germany) at 1,500 � g for
15 min at 4°C. Viruses were then resuspended in PBS and filtered through
the same filter units a second time before being resuspended in appropri-
ate amounts of RPMI with 2% FCS. BHK21 cells were infected with pu-
rified CHIKV at an MOI of 1 for 1.5 h prior to being incubated in main-
tenance medium for about 24 h at 37°C with 5% CO2. The supernatants
were harvested at 24 hpi for quantification of viral titer via plaque assays.

Viral RNA transfection into BHK21 cells. Viral RNA was extracted
from CHIKV viral supernatants using the QIAamp viral RNA minikit
(Qiagen GmbH, Hilden, Germany) according to the manufacturer’s in-
structions. For transfection, BHK21 cells were seeded into 96-well plates
at a density of 1.2 � 104 cells per well and incubated overnight at 37°C
with 5% CO2. BHK21 cells were transfected with 100 ng of CHIKV-0708
viral RNA for 1.5 h before harringtonine treatment for 24 h. During trans-
fection, 100 ng viral RNA was appropriately diluted in DharmaFECT cell
culture reagent (Thermo Scientific, Lafayette, CO) to make up a volume of
25 �l per well and incubated at room temperature for 5 min. A 0.2-�l
portion of DharmaFECT-1 transfection reagent (Thermo Scientific) was
diluted in DharmaFECT cell culture reagent to make up a volume of 25 �l

per well and incubated at room temperature for 5 min. The diluted viral
RNA solution was then added to the diluted DharmaFECT-1 and incu-
bated at room temperature for 30 min to allow complexing. Fifty micro-
liters of viral RNA–DharmaFECT-1 complexes was added to each well,
and cell monolayers were incubated at 37°C with 5% CO2 for 1.5 h with
gentle rocking at intervals. Harringtonine diluted in RPMI with 10% FCS
was added to the wells to make up final concentrations of 0.1 �M, 1 �M,
and 10 �M, and cells were incubated for 24 h at 37°C with 5% CO2. After
24 h, cell supernatants were harvested for plaque assays.

Quantitative reverse transcription-PCR (qRT-PCR). Prior to the
quantification of the positive- and negative-sense chikungunya viral
RNAs, a CHIKV RNA standard curve was first generated from the Colors
pcDNA 6.2/C-EmGFP-GW/TOPO mammalian expression vector con-
taining the CHIKV-122508 capsid gene cloned into the vector via TA
cloning (Invitrogen). Positive- and negative-sense CHIKV RNAs were
generated via a T7 promoter using the MAXIscript in vitro transcription
kit (Applied Biosystems, Oslo Area, Norway) according to the manufac-
turer’s instructions. A standard curve was then generated using serial di-
lutions of positive- and negative-sense viral RNAs assayed via RT-PCR.
Samples were assayed in a 20-�l reaction mixture containing 10 �l of
SYBR green (Fermentas, Hanover, MD), 1 �l of either the CHIKV capsid
forward primer or reverse primer, 1 �l of RNA, 1 �l of reverse transcrip-
tase, and 7 �l of nuclease-free water. Reactions were carried out in the
Applied Biosystems StepOnePlus real-time PCR system (Applied Biosys-
tems, Carlsbad, CA), beginning with a 30-min reverse transcription step
at 44°C. After reverse transcription, the complementary primer was
added, and this was followed by 5 min of Taq polymerase activation at
94°C and 40 amplification cycles at 94°C for 15 s each and 60°C for 30 s for
fluorescence measurement during amplification. Following amplifica-
tion, a melting curve analysis was performed to verify the melting temper-
atures of PCR products amplified by the primer pairs. The primer se-
quences were as follows: forward, 5=-GCGGTACCCCAACAGAAG-3=;
reverse, 5=-GGTTTCTTTTTAGGTGGCTG-3=.

For sample preparation, CHIKV-infected cells were plated on 24-well
plates at a density of 9 � 104 cells per well infected with CHIKV-0708 or
CHIKV-122508 at an MOI of 1 for 1.5 h. After virus adsorption, cells were
washed twice with PBS before treatment with harringtonine at a concen-
tration range (0.01 �M, 0.1 �M, 1 �M, and 10 �M) and incubation at
37°C with 5% CO2 for 6 h. Mock-infected cells treated with 0.1% DMSO
and CHIKV-infected cells treated with 0.1% DMSO were used as controls.
Total cellular RNA extraction was carried out using the RNeasy minikit
(Qiagen) according to the manufacturer’s instructions. Samples were as-
sayed via RT-PCR as described above. The copy numbers of positive-sense
and negative-sense CHIKV RNAs were then derived from the cycle
threshold value of the amplification plot by using the standard curve as a
reference.

SDS-PAGE and Western blotting. BHK21 cells were plated onto
6-well plates at a density of 5 � 105 cells per well before being infected with
CHIKV-122508 or CHIKV-0708 at an MOI of 1 for 1.5 h. CHIKV-in-
fected cells were treated with harringtonine at a concentration range (0.01
�M, 0.1 �M, 1 �M, and 10 �M) for 6 h or 24 h for detection of nsP3 or E2,
respectively. Mock-infected cells treated with 0.1% DMSO and CHIKV-
infected cells treated with 0.1% DMSO were used as controls. Cells were
lysed using 500 �l CelLytic M cell lysis reagent (Sigma) containing com-
plete protease inhibitor cocktail (1 tablet dissolved in 10 ml cell lysis re-
agent) (Roche, Indianapolis, IN) at 4°C for 15 min. Lysed cells were
scraped and collected in microcentrifuge tubes before being subjected to
three freeze-thaw cycles to ensure complete lysis of cells. Cellular debris
was pelleted out by centrifuging lysed cells at 1,000 � g for 5 min. The
protein-containing supernatants were separated in 10% acrylamide gels
run at 100 V for 1.5 h (for detection of E2) or 2 h (for detection of nsP3).
The PageRuler prestained protein ladder (Fermentas) was used as a mo-
lecular weight standard. The gels were then equilibrated in Towbin buffer
(0.025 M Tris, 0.192 M glycine 20% methanol) for at least 10 min to
remove the sodium dodecyl sulfate (SDS). The gels were transferred to a
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nitrocellulose membrane using the Bio-Rad semidry transfer system (Bio-
Rad, San Francisco, CA) at 0.3 A for 1 h.

For detection of nsP3, membranes were blocked with 5% bovine se-
rum albumin (BSA) (MP Biomedicals, Santa Ana, CA) dissolved in Tris-
buffered saline–Tween 20 (TBST) overnight at 4°C on a shaker. The blots
were rinsed three times with TBST before being incubated with primary
anti-CHIKV nsP3 rabbit polyclonal antibody dissolved in 5% BSA at a
dilution of 1:100 (the generation of the polyclonal nsP3 antibody was
contracted to ProSci Inc., Poway, CA). For the loading control, separate
blots containing the same samples were incubated with primary anti-�-
actin mouse monoclonal antibody (Millipore, Temecula, CA) dissolved in
5% BSA at a dilution of 1:5,000. The blots were incubated with primary
antibodies overnight at 4°C on a shaker. The blots were then washed six
times with TBST for 10 min each time. This was followed by incubation
with the secondary antibodies polyclonal goat anti-rabbit IgG(H�L)–
horseradish peroxidase and polyclonal goat anti-mouse IgG(H�L)–
horseradish peroxidase (Thermo Scientific, Rockford, IL) for 1 h at
room temperature on an orbital shaker. Dilution of both secondary
antibodies was done in 5% BSA at a ratio of 1:1,500. Membranes were
then washed three times with TBST for 10 min each time. Membranes
were developed by the enhanced chemiluminescence (ECL) method
using SuperSignal West Pico chemiluminescent substrate (Thermo
Scientific, Hudson, NH).

For detection of E2, membranes were blocked with 5% skim milk
dissolved in TBST overnight at 4°C on a shaker. The blots were then rinsed
three times with PBS before being incubated with primary anti-CHIKV E2
rabbit polyclonal antibody at a dilution of 1:100 (the generation of the
polyclonal E2 antibody was contracted to ProSci Inc., Poway, CA). For the
loading control, separate blots containing the same samples were incu-
bated with primary anti-�-actin mouse monoclonal antibody (Millipore,
Temecula, CA) at a dilution of 1:1,500. The blots were incubated with
primary antibodies for 1.5 h at 37°C on an orbital shaker. Dilutions for
both primary and secondary antibodies were done in PBS. The blots were
then washed three times with TBST for 10 min each time and three times
with PBS for 10 min each time. This was followed by incubation with the
secondary antibodies alkaline phosphatase (AP)-conjugated goat anti-
rabbit IgG and AP-conjugated goat anti-mouse IgG (Thermo Scientific,
Rockford, IL) for 1 h at 37°C on an orbital shaker. The dilution ratio for
both secondary antibodies was 1:1,500. Membranes were washed twice
with TBST for 10 min each time and once with PBS for 10 min. Bands were
detected using the colorimetric method by developing membranes with
BCIP-NBT (5-bromo-4-chloro-3-indolylphosphate p-toluidine phos-
phatase and nitroblue tetrazolium chloride) substrate (Thermo Scientific,
Rockford, IL).

Ultrastructural study using transmission electron microscopy
(TEM). Confluent T75 flasks of BHK21 cells were infected with CHIKV-
122508 or CHIKV-0708 at an MOI of 10 for 1.5 h before incubation with
1 �M harringtonine diluted in RPMI with 2% FCS for 24 h at 37°C with
5% CO2. CHIKV-infected flasks treated with 0.1% DMSO were used as
positive controls. Cell monolayers were fixed with 7.5 ml of a primary
fixative consisting of 1% glutaraldehyde (Agar Scientific, Stansted, United
Kingdom) at 4°C over 3 days. After primary fixation, the cell monolayers
were washed and scraped off before being postfixed with 1% osmium
tetroxide (Ted Pella, Redding, CA) for 2 h. A few grains of potassium
ferrocyanide were added to enhance the contrast of the membranous
structure within cells. After 2 h, the cell pellets were washed and dehy-
drated with progressively increasing concentrations of ethanol (25%,
50%, 75%, 95%, and 100%). The dehydration step was enhanced by an-
other two rounds of absolute acetone treatment for 10 min each. Dehy-
drated cell pellets were then infiltrated with increasing concentrations of
araldite 502 (Ted Pella) to acetone at increasing temperatures before em-
bedding in fresh araldite for 24 h at 60°C. The embedded samples were
then trimmed with an ultramicrotome (Reichert-Jung, Depew, NY) to
approximately 50 to 70 nm. Cut sections were then placed on a 200-mesh
copper grid before being stained with 2% uranyl acetate and postfixed

with lead citrate. Stained sections were viewed using a Philips EM 208
transmission electron microscope (Philips, Eindhoven, The Netherlands)
and captured digitally with a dual-view digital camera (Gatan Inc., Wer-
rendale, CA).

Statistical analyses. A one-way analysis of variance (ANOVA) test was
conducted to evaluate the significance of the data from the drug treatment
studies. For samples that showed statistical significance (P � 0.05) from
ANOVA analysis, a Dunnett’s posttest was carried out to compare data
from treated samples against those from the 0.1% DMSO (solvent) con-
trol. Results from Dunnett’s posttest were used to determine the concen-
trations of compounds which resulted in a statistically significant differ-
ence compared to the solvent control.

RESULTS
Development of immunofluorescence screening assay. A pri-
mary screening assay was first developed to screen for inhibitors of
CHIKV infection from a library of highly purified natural product
compounds. We used immunofluorescence to detect the alphavi-
ral envelope protein as an indication of successful CHIKV infec-
tion and replication. Ribavirin has previously been shown to in-
hibit CHIKV replication (20) and was selected to serve as a
positive control, as well as to assess the robustness of the immu-
nofluorescence screening assay. As shown in Fig. 1, ribavirin dis-
played a dose-dependent inhibition of CHIKV-0708 infection
compared to the 0.2% DMSO control. A 50% effective concentra-
tion (EC50) of 0.5 �g/ml (2.05 �M) was obtained with BHK21
cells. Mock-infected cells were included as negative controls to
ensure specificity of the primary antibody. Infected cells stained
with only the secondary FITC antibody and DAPI were added as
background controls to check for specificity of the secondary
FITC antibody (Fig. 1). A Z= factor of 0.76 was obtained for the
primary screening assay, indicating that the primary screening
assay was sufficiently robust. Thus, the screening platform via the
immunofluorescence assay method was found to be suitable and
reliable for the screening of the compound libraries and detection
of potential CHIKV inhibitors.

Primary screening assay. Once the immunofluorescence-
based screening platform was established, a primary screen was
performed using a library of 502 highly purified natural product
compounds to detect potential CHIKV inhibitors. The natural
product compounds were screened at a concentration of 10 �M
and analyzed to detect the percent reduction of virus antigen-
positive cells compared to those with the 0.1% DMSO control.
Using a criterion of �70% inhibition to define positive hits, a total
of 44 compounds were identified as positive hits (see Table S1 in
the supplemental material).

Validation of selected hits. Of the list of hit compounds, four
were selected for secondary assays to confirm their anti-CHIKV
activity. The compounds chosen were harringtonine, hypocrellin
A, rottlerin, and daunorubicin (see Fig. S1 in the supplemental
material). These compounds were selected to include a mixture of
known virus inhibitors such as hypocrellin A (32), as well as alka-
loids and enzyme inhibitors with no previously reported inhibi-
tory activities against alphaviruses, such as harringtonine and rot-
tlerin. The anti-CHIKV activities of selected compounds were
further evaluated in dose-dependent inhibition studies via plaque
assays to quantify infectious viral titer.

As shown in Fig. 2, all compounds tested displayed dose-de-
pendent inhibition of CHIKV infection. Harringtonine and hypo-
crellin A displayed the greatest magnitude of inhibition of
CHIKV-0708 infection compared to the 0.1% DMSO control
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(Fig. 2a and b). The 50% effective concentration (EC50) of har-
ringtonine (0.24 �M) was lower than that of hypocrellin A (1
�M), suggesting that harringtonine may be the most potent anti-
CHIKV compound in the set. The EC50s for rottlerin and dauno-
rubicin (Fig. 2c and d) exceeded 10 �M.

To ensure that the inhibitory effects on CHIKV replication
were not due to cell cytotoxicity induced by the compounds, cell
viability assays were conducted using alamarBlue. Cell viability
remained above 90% for all concentrations of the panel of com-
pounds assayed, indicating minimal cytotoxicity (Fig. 2). Har-
ringtonine was selected for further analysis of its anti-CHIKV ac-
tivity due to its significant inhibition of CHIKV infection and
minimal cytotoxicity, as well as its novel status as an antiviral.

Antiviral activities of harringtonine and its analogue homo-
harringtonine against CHIKV infection. The primary screen was
performed with CHIKV-0708, a strain which does not contain the
alanine-to-valine mutation at position 226 (A226V) of the
CHIKV E1 protein. The A226V mutation was detected during the
later part of the outbreak in La Réunion and resulted in a change in
mosquito species vector from Aedes aegypti to Aedes albopictus. It
was thus important to confirm the dose-dependent anti-CHIKV
effect of harringtonine on a strain that does contain the mutation.
The dose-dependent inhibitory effect of harringtonine was ob-
served with both CHIKV-0708 and CHIKV-122508 (Fig. 3a), in-
dicating that harringtonine targeted a phase in the viral replication
cycle that was not strain specific.

The anti-CHIKV effect of a harringtonine analogue, homohar-

ringtonine, was also tested to compare its potency to that of har-
ringtonine. Homoharringtonine contains an additional methyl
group in its side chain, which is believed to increase stability of the
compound (33) (see Fig. S2 in the supplemental material). Ho-
moharringtonine displayed minimal cytotoxicity when used to
treat BHK21 cells (Fig. 3b). Like harringtonine treatment, homo-
harringtonine treatment resulted in a significant dose-dependent
inhibition of CHIKV infection for both strains. The results also
showed evidence of a strain-specific difference in potency of the
compounds. Treatment with harringtonine produced a greater
magnitude of inhibition of virus titer for CHIKV-122508 (4.3
log10 inhibition) than for CHIKV-0708 (2.3 log10 inhibition) at 10
�M and 5 �M concentrations. This trend was also observed with
homoharringtonine treatment for both virus strains. Significant
inhibition of CHIKV-122508 infection could be observed with a
0.1 �M concentration of both compounds. In contrast, inhibition
of CHIKV-0708 infection was significant at drug concentrations
of 1 �M and above (Fig. 3a and b). The data suggested that
CHIKV-122508 may be more susceptible to treatments with har-
ringtonine and homoharringtonine than CHIKV-0708.

Given that harringtonine and homoharringtonine had been
previously found to be inhibitors of eukaryotic protein synthesis,
it was important to confirm that the concentrations of both drugs
were noncytotoxic to the cells. BHK21 cells were incubated with
various concentrations (0.01 �M to 100 �M) of the compounds
for 3 days, with the compounds being replaced every day. Cell
viability did not decrease below 90% at 1 �M, suggesting that the

FIG 1 Dose-dependent inhibition of ribavirin on CHIKV infectivity shown using immunofluorescence assay. (a) Immunofluorescence detection of alphavirus
envelope protein is used as an indication of CHIKV infection. CHIKV-0708 infection of BHK21 cells is compared between ribavirin-treated cells (positive
control) and untreated cells. Cell nuclei are stained with DAPI (blue), and CHIKV infection is indicated by FITC (green) staining. Mock-infected cells were
stained with both primary and secondary antibodies, as well as DAPI. Background control refers to infected cells that were stained with only the secondary FITC
antibody and DAPI. (b) A dose-dependent reduction of viral antigen-positive cells for the different ribavirin concentrations (EC50, 0.5 �g/ml or 2.05 �M) is
observed from immunofluorescence images. Error bars represent standard errors of triplicate means.

Harringtonine Inhibits Chikungunya Virus Replication

January 2013 Volume 57 Number 1 aac.asm.org 159

http://aac.asm.org


in vitro antiviral effects of both harringtonine and homohar-
ringtonine against CHIKV could be obtained at concentrations
that did not affect cell viability (see Fig. S3 in the supplemental
material).

The antiviral effect of harringtonine on HSMM (primary hu-
man skeletal myoblasts), an in vivo target of CHIKV infection (5),
was also evaluated. The dose-dependent inhibitory effect of har-
ringtonine was recapitulated for both strains of CHIKV in HSMM

(Fig. 4). As observed with CHIKV-infected BHK21 samples, treat-
ment with harringtonine at a concentration of 0.1 �M was suffi-
cient to result in a statistically significant inhibition of CHIKV-
122508 infection but not CHIKV-0708 infection. This affirms the
strain-specific difference in the potency of harringtonine in treat-
ing CHIKV infections. Minimal cytotoxicity was observed when
HSMM cells were incubated with various concentrations of har-
ringtonine for 24 h (Fig. 4), further establishing that the in vitro

FIG 2 Dose-dependent study of anti-CHIKV activities of selected compounds from a primary high-throughput screen as observed via plaque assay. Treatment
of CHIKV-0708-infected BHK21 cells with harringtonine (a), hypocrellin A (b), rottlerin (c), and daunorubicin (d) results in a significant dose-dependent
inhibition of CHIKV-0708 infection. Line graphs for cell viability experiments correspond to secondary axes. Minimal cytotoxicity is observed for all compounds
tested. Error bars represent standard errors of triplicate means for all cell viability experiments as well as all dose-dependent inhibition studies.

FIG 3 Dose-dependent studies of antiviral activities of harringtonine and homoharringtonine against both CHIKV strains. Harringtonine (a) and homohar-
ringtonine (b) exhibit a statistically significant dose-dependent inhibition of CHIKV-0708 infection at concentrations of 1 �M and above and of CHIKV-122508
infection at concentrations of 0.1 �M and above. Line graphs for cell viability experiments correspond to secondary axes. Minimal cytotoxicity is observed with
treatment of BHK21 cells with harringtonine or homoharringtonine over 24 h. Statistical significance is analyzed from a one-way ANOVA test and Dunnett’s
posttest. ***, P � 0.001. Error bars represent standard errors of triplicate means for cell viability experiments. Error bars for dose-dependent studies represent
standard errors of means from three independent experiments.
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inhibitory effect of harringtonine on CHIKV infection could be
observed at concentrations below that required to induce signifi-
cant cytotoxicity.

Time-of-addition studies of harringtonine in CHIKV infec-
tion. Time-of-addition studies were conducted to identify the
window in the CHIKV replication cycle when harringtonine ex-
erts its antiviral effect. Harringtonine (0.1 �M, 1 �M, and 5 �M)
was added at different time points before and after infection of
BHK21 cells with CHIKV (Fig. 5a). All cell culture supernatants
were collected for plaque assays at 24 h postinfection (hpi).

From the results shown in Fig. 5b, pretreatment of cells with
harringtonine for 2 h prior to CHIKV infection showed a minimal
inhibitory effect against viral infection except at a high concentra-
tion of 5 �M. The high harringtonine concentration of 5 �M may
have allowed the compound to enter and be retained in the cells
during the pretreatment period, resulting in inhibition of CHIKV
infection. Figure 5b suggests that harringtonine did not inhibit the
CHIKV entry process. A significant reduction of the CHIKV titer
was observed when harringtonine was added at the 0- and 2-hpi
time points. At 6 hpi, the antiviral activity of harringtonine was
diminished at the 0.1 �M and 1 �M concentrations. Addition of
harringtonine at 12 hpi onwards resulted in an almost complete
loss of inhibition of CHIKV replication at the 0.1 �M and 1 �M
concentrations. This suggested that harringtonine was acting at an
early phase in the viral replication cycle that occurs after viral
entry.

A cotreatment assay was performed to complement data from
the pretreatment assay in the time-of-addition studies by deter-
mining if harringtonine affected the surface of the viral particle
surface in some way to hinder viral binding and entry into cells.
Cotreatment of both CHIKV strains with harringtonine (1 �M or
10 �M) failed to result in inhibition of viral infection (Fig. 5c). To
further verify that harringtonine’s antiviral action occurs at a
postentry event, an indirect assay where 100 ng of CHIKV-0708
genomic RNA was transfected into BHK21 cells prior to har-
ringtonine treatment was conducted. The process of direct trans-
fection of the viral genome allowed the exclusion of CHIKV bind-

ing and entry from the process of infection. The dose-dependent
inhibitory effect of harringtonine was recapitulated in this assay
(Fig. 5d), confirming data from pretreatment and cotreatment
assays that harringtonine acts on postentry events of CHIKV in-
fection and is unlikely to affect the infectious entry process of
CHIKV into cells.

Harringtonine affects CHIKV RNA production and protein
synthesis. Given that harringtonine was most likely not affecting
CHIKV binding and entry, its effect on viral RNA production and
protein synthesis was investigated. In the initial postentry stages of
the CHIKV replication cycle, the positive-sense CHIKV RNA ge-
nome is used as a template for the synthesis of nonstructural pro-
teins by the host cell translation machinery. The nonstructural
proteins then complex to form the viral replicase, which synthe-
sizes a negative-sense RNA strand from the positive-sense tem-
plate. This negative-sense strand serves as a template for the syn-
thesis of more positive-sense genome copies, as well as the
subgenomic RNA. The subgenomic RNA is subsequently trans-
lated by the host cell machinery into virus structural proteins.

To investigate the effect of harringtonine on viral RNA synthe-
sis, qRT-PCR was conducted on CHIKV-infected BHK21 cells
treated with harringtonine for 6 h. Figure 6 shows that harringto-
nine treatment resulted in a significant dose-dependent reduction
in both negative- and positive-sense RNAs for both CHIKV
strains, suggesting that harringtonine inhibits a phase in the
CHIKV replication cycle that occurs before RNA production. The
strain-specific difference in potency of harringtonine was also de-
tected at the RNA level.

In order to determine the effect of harringtonine on CHIKV
protein synthesis, Western blot analyses were performed. A dose-
dependent reduction of CHIKV nsP3 and E2 proteins for both
CHIKV strains was observed upon harringtonine treatment (Fig.
7a and b). At concentrations of 1 �M and 10 �M, minimal
amounts of nsP3 and E2 proteins were detected for both CHIKV
strains. The size of CHIKV E2 has been previously determined to
be 50 kDa (34). The size of nsP3 is taken to be approximately 76 to
78 kDa (35). At harringtonine concentrations of 0.1 �M and 0.01
�M, nsP3 and E2 protein levels for both CHIKV strains were
comparable to that for the 0.1% DMSO control. This suggested
that harringtonine may inhibit CHIKV protein production, lead-
ing to a decrease in infectious virus titers as seen above. In addition
to E2, the anti-CHIKV E2 antibody used also detected the precur-
sor of E2 (pE2), a 65-kDa protein (36) containing E2 as well as E3
(Fig. 7b). The strain-specific difference in potency was less appar-
ent in Western blot analyses. Nevertheless, there was a general
trend of dose-dependent inhibition of CHIKV infection by har-
ringtonine, supporting results obtained with the different experi-
mental approaches reported above. �-Actin was used as a loading
control in the experiment, as well as to ensure that the concentra-
tion of harringtonine used in this study did not affect the synthesis
and expression of host cellular proteins (37).

The host cell translation machinery is involved in translation of
both nonstructural and structural viral proteins, and this indi-
rectly affects negative- and positive-sense RNA levels during in-
fection. Taken together, the results from Fig. 6 and 7 indicate that
the antiviral effect of harringtonine may depend on its function as
a protein synthesis inhibitor, directly decreasing viral protein pro-
duction and indirectly decreasing viral positive- and negative-
sense RNA levels. These direct and indirect effects of harringto-

FIG 4 Antiviral effect of harringtonine on CHIKV infection of HSMM (pri-
mary human skeletal myoblasts), an in vivo target of CHIKV infection. Har-
ringtonine results in a statistically significant dose-dependent inhibition of
CHIKV-0708 infection at concentrations of 1 �M and above and of CHIKV-
122508 infection at concentrations of 0.1 �M and above. The line graph for cell
viability corresponds to the secondary axis. Minimal cytotoxicity is observed
over the concentration range tested, suggesting that the antiviral activity of
harringtonine is due to specific effects of harringtonine on CHIKV replication.
Statistical significance is analyzed from a one-way ANOVA test and Dunnett’s
posttest. *, P � 0.05; ***, P � 0.001. Error bars represent standard errors of
triplicate means.
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nine may then result in a cumulative, strongly pronounced
inhibitory effect on infectious virus titers.

Harringtonine inhibits Sindbis virus, a related alphavirus.
To investigate the specificity of harringtonine’s antiviral action,
BHK21 cells were infected with Sindbis virus (an alphavirus re-
lated to CHIKV) and treated with a range of concentrations of
harringtonine. The dose-dependent antiviral effect of harringto-
nine was reproduced with Sindbis virus, as shown in Fig. 8. This
indicates that the antiviral activity of harringtonine is not re-
stricted to CHIKV but may extend to other alphaviruses as well.

Ultrastructural analyses of CHIKV-infected cells treated
with harringtonine. To visualize the effects of harringtonine
treatment on CHIKV replication, transmission electron micros-
copy (TEM) was carried out. CHIKV-infected cells were post-
treated with 1 �M harringtonine before being processed for TEM

at 24 hpi. The mock-infected BHK21 cells displayed normal mor-
phological features of healthy cells (Fig. 9a). CHIKV-infected cells
that were treated with the solvent control (0.1% DMSO) displayed
characteristic morphological features of CHIKV infection.
CHIKV-0708-infected BHK21 cells treated with 0.1% DMSO
showed the presence of cytopathic vacuoles I (CPV I), which dis-
play modified membranous structures for replication of the viral
genome as well as structural proteins (Fig. 9b). Infected cells
treated with the solvent control also displayed presence of cyto-
pathic vacuoles II (CPV II) filled with large numbers of electron-
dense viral particles (Fig. 9b and d). Budding of viral particles on
the plasma membrane could also be observed (Fig. 9b and c).

In contrast, harringtonine-treated cells displayed no late-stage
virus-associated morphological changes. No CPV could be de-
tected, and electron-dense viral particles on the surface were ab-

FIG 5 (a) BHK21 cells were treated with harringtonine at different time points before and after infection in time-of addition studies. Cell supernatants were
harvested at 24 hpi for quantification of virus titer via plaque assays. (b) Time-of-addition studies indicate that harringtonine acts between 0 hpi and 6 hpi to
inhibit CHIKV infection. (c) In the cotreatment assay, viruses were treated with harringtonine before being used to infect BHK21 cells. No significant inhibition
of CHIKV infection is observed with harringtonine treatment with both strains of CHIKV. (d) When CHIKV-0708 genomic RNA is transfected into BHK21 cells
prior to treatment with harringtonine, a significant dose-dependent inhibition of CHIKV-0708 replication is observed at harringtonine concentrations of 1 �M
and above. The results suggest that harringtonine acts at a postentry step in the CHIKV replication cycle. Statistical significance is analyzed from a one-way
ANOVA test and Dunnett’s posttest. ***, P � 0.001. Error bars represent standard errors of triplicate means.
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sent (Fig. 9e and f). This confirmed the above data showing that
harringtonine inhibited CHIKV replication. Restoration of nor-
mal cellular morphology at 1 �M harringtonine was observed,
affirming the possible role of harringtonine as a CHIKV antiviral.
In addition, harringtonine-treated cells displayed no difference in
morphology compared to the mock-infected sample (Fig. 9a).
This further confirmed the cell viability data from earlier experi-
ments, suggesting that the antiviral effects of harringtonine may
occur at concentrations that are not cytotoxic to the cells.

DISCUSSION

In response to the lack of antiviral treatment for CHIKV infec-
tions, a screening platform was developed to screen for novel anti-
CHIKV compounds. The use of an immunofluorescence-based
screening approach developed for a 384-well format allows a large

number of small-molecule compounds to be screened for the
rapid identification of potential antivirals (37). The immunoflu-
orescence-based screening platform in this study was used to
screen 502 highly purified compounds from a Natural Product
Library for inhibition of CHIKV infection. The screening assay
was also statistically validated and met the criteria for a robust
screening assay, with a Z= factor of 0.76. The Z= factor is a simple,
dimensionless parameter that ensures that the screening platform
developed has a properly implemented format with a sufficient
dynamic range and an acceptable signal variability that is capable
of providing useful data (31). Compounds which resulted in
�70% inhibition of CHIKV infection were classified as hits. Our
primary screen identified 44 compounds as positive hits, includ-
ing mycophenolic acid, which has recently been reported to be
effective in inhibiting the replication of CHIKV (19). Having my-
cophenolic acid independently identified as a hit in our primary
screen further indicated the reliability of our primary screening
assay in identifying putative anti-CHIKV inhibitors.

A number of hits from the primary screen were selected for
evaluation of their anti-CHIKV activities in dose-dependent inhi-
bition studies. These compounds were harringtonine, hypocrellin
A, rottlerin, and daunorubicin. All compounds tested displayed
dose-dependent inhibition of CHIKV infection, confirming that
they were true positive hits. Harringtonine is a known inhibitor of
the eukaryotic large ribosomal subunit that has not been previ-
ously shown to possess antiviral activities (30). Harringtonine was
selected for further investigation into its antiviral mechanism due

FIG 6 Harringtonine acts at a step in the CHIKV replication cycle that occurs before negative- and positive-sense RNA production. Harringtonine exhibits a
statistically significant dose-dependent inhibition of CHIKV-0708 RNA levels at concentrations of 1 �M and above (a) and CHIKV-122508 RNA levels at
concentrations of 0.1 �M and above (b). Statistical significance is analyzed from a one-way ANOVA test and Dunnett’s posttest. **, P � 0.01; ***, P � 0.001. Error
bars represent standard errors of triplicate means.

FIG 7 Western blot analyses were performed to determine the effect of har-
ringtonine on production of CHIKV nsP3 and E2 proteins. A dose-dependent
reduction of CHIKV nsP3 (a) and E2 and pE2 (b) proteins is observed for
CHIKV-0708 and CHIKV-122508 samples upon harringtonine treatments of
6 h and 24 h, respectively. �-Actin is used as a loading control for each set of
samples.

FIG 8 Harringtonine treatment causes significant inhibition of Sindbis virus
(an alphavirus related to CHIKV) at concentrations of 1 �M and above. Error
bars represent standard errors of triplicate means. Statistical significance is
analyzed from a one-way ANOVA test and Dunnett’s posttest. ***, P � 0.001.
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FIG 9 (a) Mock-infected BHK21 cells display normal morphology of healthy cells. (b) CHIKV-0708-infected BHK21 cells treated with 0.1% DMSO show
characteristic features of infected cells, including CPV I and II. White arrows indicate viral nucleocapsids budding into CPV II. Black arrows indicate viral
particles budding on the cell surface. (c) Higher magnification of CHIKV-0708-infected cells, showing extensive viral budding, as indicated by black arrows. (d)
CHIKV-122508-infected BHK21 cells treated with 0.1% DMSO. White arrows indicate viral nucleocapsids budding into CPV II. (e and f) CHIKV-0708 (e)- and
CHIKV-122508 (f)-infected cells treated with 1 �M harringtonine show restoration of normal morphology and absence of CPV I, CPV II, or viral particles. CV,
cellular vesicles; CPV I, cytopathic vacuole I; CPV II, cytopathic vacuole II; ER, endoplasmic reticulum; G, Golgi apparatus; L, lysosome; M, mitochondria; N,
nucleus; NM, nuclear membrane; PM, plasma membrane.
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to its potent inhibition of CHIKV replication and minimal cyto-
toxicity, as well as its novel status as an antiviral. Dose-dependent
inhibitory assays also confirmed the antiviral effects of harringto-
nine against a second CHIKV strain which contained the
Ala226Val mutation. In addition, the anti-CHIKV effect of har-
ringtonine was reproduced when tested in HSMM (human skele-
tal muscle myoblasts), a primary cell line and an in vivo target of
CHIKV infection.

Homoharringtonine, an analogue of harringtonine with an ad-
ditional methyl group, was also found to be inhibitory toward
both strains of CHIKV with minimal cytotoxicity when tested in
BHK21 cells. This confirms previous studies showing that the in-
hibition of eukaryotic protein synthesis is dependent on the pres-
ence of the side chain in cephalotaxine alkaloids. Cephalotaxines
that do not have the side chain have been found to be only mini-
mally active (38). Homoharringtonine, like harringtonine, pos-
sesses the ester side chain and thus was found to also be able to
inhibit CHIKV infection.

Time-of-addition studies were conducted to identify the po-
tential antiviral mechanism of harringtonine. BHK21 cells were
treated with harringtonine at different time points before and af-
ter infection with CHIKV. The results suggested that harringto-
nine inhibited the early events of the CHIKV replication cycle after
viral entry into cells. Cotreatment assays, as well as direct trans-
fection of CHIKV genomic RNA, confirmed results from the
pretreatment assay in time-of-addition studies, verifying that
harringtonine did not affect CHIKV binding and entry. Har-
ringtonine’s effect on CHIKV RNA production and protein syn-
thesis was also investigated in this study. Data from qRT-PCR and
Western blot analyses indicated that harringtonine treatment re-
sulted in a decrease in CHIKV RNA production and synthesis of
nonstructural (nsP3) as well as structural (E2) proteins. Given
previous literature citing that harringtonine is an inhibitor of pro-
tein synthesis (30, 39), it is most likely that harringtonine inhibits
the eukaryotic large ribosomal unit, thereby suppressing the
translation of nonstructural and structural proteins. The observed
decrease in the levels of nsP3 proteins suggest that the antiviral
function of harringtonine may begin with its inhibition of trans-
lation of nonstructural proteins, leading to a decrease in levels of
replicase complexes. This is likely to result in a reduction in levels
of negative-sense RNA to function as templates for synthesis of the
positive-sense RNA strands. Consequently, the lowered levels of
template negative-sense RNA, coupled with the decreased levels of
the replicase, may result in an even more significant decrease in
positive-sense RNA levels and possibly subgenomic RNA levels. If
harringtonine does exert its antiviral effect by inhibiting the host
translational machinery, it may be postulated that a second step of
direct inhibition occurs at the stage of viral structural protein syn-
thesis. Lowered subgenomic RNA levels, coupled with the direct
inhibition of host cell translation machinery by harringtonine,
may then culminate in a strong inhibition of viral structural pro-
tein production.

Studies with both CHIKV strains revealed the possibility of a
strain-specific difference in potency for both harringtonine and
homoharringtonine, with CHIKV-122508 possibly being more
susceptible to treatment with the two compounds than CHIKV-
0708. The strain-specific difference in the potency of harringto-
nine could be detected early in the CHIKV replication cycle, at the
level of negative-sense RNA production. Apart from the A226V
mutation in E1, other sequence changes are present in CHIKV-

122508 (data not shown). Hence, the strain-specific difference in
potency, if present, may be due to one or more of these mutations.
It is possible that even with harringtonine treatment, the levels of
replicase complex in CHIKV-0708-infected cells remain high
enough to allow sufficient synthesis of the negative-sense RNA
strands, thereby reducing the cumulative downstream effect of
harringtonine treatment. CHIKV-0708 may also exhibit strain-
specific properties that affect its interaction with the eukaryotic
ribosome, indirectly reducing the inhibitory effect of harringto-
nine against the ribosome.

The use of harringtonine against Sindbis virus, an alphavirus
related to CHIKV, also resulted in a significant dose-dependent
inhibition. This suggested that harringtonine’s mode of antiviral
action is not specific to CHIKV. However, given previous litera-
ture suggesting that harringtonine is ineffective in inhibiting
growth of encephalomyocarditis virus (40), it is still plausible that
the antiviral action of harringtonine may be restricted to a number
of classes of viruses.

Even though harringtonine targets a host component in the
CHIKV replication cycle, this may not necessarily limit its thera-
peutic potential. There is a scarcity of antiviral therapeutics for
RNA viruses other than HIV (41). Among the drugs that have
been licensed by the U.S. FDA, ribavirin is an example of a drug
which is known to act by targeting a host component. Ribavirin is
used for the treatment of hepatitis C virus and pediatric respira-
tory syncytial virus infections (19). Ribavirin is known to deplete
intracellular GTP pools by inhibiting a host enzyme, IMP dehy-
drogenase. This has been postulated to cause an accumulation of
errors during viral genome replication and failure to sustain the
production of infectious virions during subsequent replication
cycles (42, 43). Furthermore, recently discovered compounds
such as arbidol and mycophenolic acid which have shown anti-
CHIKV activity in vitro also target host components in the CHIKV
replication cycle. This suggests that harringtonine may be consid-
ered a potential anti-CHIKV therapeutic despite targeting a host
component. A suitable murine model of CHIKV infection is cur-
rently being developed to test the in vivo efficacy of harringtonine
against CHIKV infection.

While this study postulates that harringtonine acts as a CHIKV
antiviral by inhibiting the host protein translation machinery, it is
possible that harringtonine may inhibit CHIKV infection by ad-
ditional, complementary mechanisms. Recent studies have sug-
gested that focusing on one aspect of a drug’s action may be insuf-
ficient to explain its therapeutic effects (44). While the lethal
mutagenesis theory has been a convincing explanation for inhibi-
tion of polioviruses (45), additional mechanisms have been pro-
posed for the antiviral action of ribavirin against other viruses.
These include inhibition of viral RNA capping (46), inhibition of
viral RNA polymerase (47), inhibition of viral helicase activity
(48), and direct incorporation of ribavirin into viral RNA in the
place of guanine and adenine (42), as well as direct inhibition of
viral RNA synthesis (49). Additional studies are required to allow
an in-depth exploration of the molecular basis of harringtonine’s
anti-CHIKV action. The inhibition of CHIKV replication ob-
served when 5 �M harringtonine was added at a late time point,
such as 16 hpi, in time-of-addition studies may suggest an addi-
tional mechanism of inhibition at high concentrations of har-
ringtonine, affecting later phases of the CHIKV replication cycle.
Despite the fact that homoharringtonine is a more potent inhibi-
tor of protein synthesis (44), there was a slightly greater magni-
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tude of inhibition of CHIKV replication upon harringtonine
treatment than upon homoharringtonine treatment at 10 �M,
suggesting that additional inhibitory mechanisms may indeed be
present to effect harringtonine’s antiviral activity.
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